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ABSTRACT 
Phosphorene, a two-dimensional (2D) monolayer of black phosphorous (BP), has generated 
significant theoretical interest in its promising optoelectronic properties. However, attempts to 
mechanically exfoliate BP have had limited success leaving many predictions untested. Here I 
describe a reliable method of synthesis and thickness-based selection using liquid exfoliation and 
centrifugation. An extensive solvent and centrifugation speed study detail optimal parameters for 
exfoliation. An additional barrier is the material’s instability in ambient conditions, readily 
undergoing oxidation. While this instability is widely known, little is understood about the 
mechanism of degradation nor the resulting oxide species formed. I present here a series of time-
lapse studies showing degradation of thin 2D BP over time for different environmental 
parameters. In these studies, I describe conditions necessary to induce oxidation and degradation. 
I show that, in contrast to popular belief, light is not required to induce damage in 2D BP 
samples. Water-only environments demonstrate the material’s ability to reduce water while 
oxygen-only environments result in self-passivating layers, which deter further oxidation. 
Meanwhile, environments that contain both elements experience considerably accelerated rates 
of degradation. This work provides an efficient and reliable method for phosphorene production 
as well as insight on the environmental effects it experiences post-production. 
  
1. INTRODUCTION 
Two-dimensional (2D) and thin nanomaterials are revolutionizing electronic devices because of 
their unprecedented optoelectronic properties. These materials are being explored as possible 
tools for improving important technologies such as photovoltaics,1 transistors,2 light-emitting 
diodes,3 batteries,4,5 and photodetectors.6,7 Though interest in developing 2D materials surged 
with the discovery of graphene, its lack of band gap limited its application in optoelectronic 
devices.8 Researchers have since turned to alternative materials including transition metal 
dichalcogenides (MoS2, WeSe2), and other semimetals in search of more favorable 
optoelectronic properties. 
 
Of particular interest is a material known as black phosphorous (BP). BP is a semiconductor 
material made up of layers of puckered elemental phosphorous sheets held together principally 
by van der Waals (vdW) forces.9 Coleman’s work exfoliating graphite to graphene suggested that 
this layered material could be exfoliated into monolayers, which are now known as phosphorene, 
or few layer pieces.10 Recently, this material has attracted considerable attention due to 
theoretical predictions of the material’s chemical reactivity,11,12 mechanical properties,13 and 
anisotropic and thickness-dependent optoelectronic properties.14,15 Notably, studies have 
predicted that phosphorene should possess a band gap of 1.8 eV,16 ~1.5 eV larger than BP’s band 
gap in bulk form (0.31 eV)17. These characteristics, if true, would make 2D BP an excellent 
candidate for optoelectronic devices.  
 
Until recently, most of these predictions remained untested as no method existed for the 
production or purification of monolayer and few layer BP. Unlike graphene, mechanical 
exfoliation of BP proved to be both too damaging in some aspects, yet not aggressive enough to 
produce sheets less than 6 layers in thickness.18 When thin flakes were identified, they were 
typically found at the edge of thicker sheets and were too small to be characterized.18 Here I 
present a brief overview of a recent method developed by my co-workers and me,18 which allows 
for the reliable production of pristine 2D BP and which can be applied on a larger scale.18 This 
transforms phosphorene from a theoretical curiosity to an inexpensive and readily available 
material. 
 
In addition, I will describe my work on the controlled modification of phosphorene by oxygen 
and water. Although phosphorene possesses many desired characteristics, it was found recently 
that thin BP undergoes oxidation when exposed to ambient conditions.19 This in turn leads to the 
degradation of the material’s optoelectronic properties.20 While the oxidation of BP is well-
documented, both the oxide composition and mechanism of oxidation remain unknown. 
Additionally, no significant research efforts have been made to understand how controlled 
oxidation might be transformed from a liability to a tool for functionalization. This work 
investigates the impacts of environmental parameters on the oxidation of thin BP over time and 
explores the possibility of selective oxidation and modification. X-ray photoelectron 
spectroscopy (XPS) in conjunction with transmission electron microscopy (TEM) are used to 
show oxidation and degradation for varying conditions over extended periods of time. 
 
2. EXPERIMENTAL 
2.1 Liquid Exfoliation 
Black phosphorous crystals were synthesized via SnI2 transport.21 Under an inert environment 
the crystals were ground into a fine powder with mortar and pestle. Based on Coleman’s work 
with graphene,10 N-methyl pyrrolidone (NMP) was selected as the first test solvent. Ten 
milligrams of BP powder were sonicated in 20 mL of NMP using a low power bath sonicator. 
After the solutions of suspended BP were centrifuged at 4000 rpm, the supernatant was collected 
and centrifuged again at 4000 rpm. UV–Vis transmission spectroscopy was used to characterize 
BP suspended in the supernatant and determine dispersed concentration. The 2D material was re-
dispersed in isopropanol (IPA) before being drop cast onto carbon film TEM grids and examined 
using a low-resolution JEOL 100CX II TEM. 
 
2.2 Liquid Exfoliation Solvent Study 
Eighteen solvents were tested for their ability to exfoliate BP. BP was ground in a mortar and 
pestle prior to bath sonication. The finely ground BP (10 mg) was added to 20 mL of each 
solvent and sonicated for 13 hours under inert conditions. To remove unexfoliated BP, the 
suspensions were centrifuged at 5000 rpm for 30 minutes. Dialysis was used to further purify the 
supernatant, removing small (<2.5 nm) phosphorous fragments. Inductively coupled plasma 
mass spectroscopy (ICP-MS) and UV–Vis transmission spectroscopy were used to characterize 
these suspensions and determine dispersed concentration. 
 
2.3 Isolating Thin 2D BP 
Centrifugation speeds ranging from 1,000 to 21,000 rpm were tested as a means of selecting BP 
flakes based on lateral size and thickness. Suspensions of BP in NMP were centrifuged at 1,000 
rpm. That supernatant was collected and centrifuged at a slightly higher rpm. This process was 
repeated until we reached 21,000 rpm. UV–Vis transmission spectroscopy was used to 
characterize these suspensions. TEM was used to analyze flake thickness and lateral size.   
 
2.4 Preliminary BP Flake Exposure Series 
2D BP suspended in IPA was drop cast onto a carbon TEM grid. The grid was set on a platform 
and exposed to ambient conditions and illuminated by an LED with a specific power of 0.6 
mW/cm2. The apparatus was confined to a dark box, so that only light from the LED played a 
role. Flakes were selected, imaged, and reimaged over a period of 84 hours using a low-
resolution JEOL 100CX II TEM. The samples were placed under vacuum and stored in inert 
conditions between exposures. 
 
2.5 Controlled Environment Exposure Series 
2D BP suspensions re-dispersed in IPA were drop cast onto TEM grids or doctor bladed onto 
glass slides and hydrophilic gold plated silicon wafers. These grids and films were exposed to 
controlled environments of oxygen, water, and a mixture of the two. For the oxygen 
environment, research grade oxygen was flowed over desiccant phosphorous pentoxide before 
reaching the BP sample to eliminate water from the system. Distilled water was heated to 110 °C 
and purged with nitrogen or oxygen for 30 minutes. Water vapor was flown over the sample 
using nitrogen or oxygen as the carrier gas, for the water or water and oxygen environments, 
respectively. In all cases the samples were exposed to gas flow for five minutes before being 
sealed with 5 millimoles of the environmental oxidant and illuminated with a 460 nm LED with 
a specific power of 0.6 mW/cm2. Both the flakes and the films were examined after 1, 6, or 18 
hours of exposure. A Kratos Axis Ultra DLD XPS and a low-resolution JEOL 100CX II TEM 
were used to characterize and present a time lapse of oxidation for each environmental set of 
parameters. Special apparatus was designed to load samples into each instrument under an inert 
environment. The samples were placed under vacuum and stored in inert conditions between 
exposures. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Synthesis of Phosphorene 
Figure 1 demonstrates the absorbance of liquid exfoliated black phosphorous for a series of 
seven cycles where a cycle is 99 minutes of bath sonication followed by 10 minutes of 
centrifugation at 4000 rpm. With each cycle the material gradually transforms from black to 
reddish brown (Fig. 1 inset, left to right) indicating a remarkable change in the electronic 
structure of the material. Various theoretical works predict the band gap of monolayer 
phosphorous to be in the 1.01 to 2.15 eV range, or 660-480 nm.15,17,22 We observed a steady 
increase in absorption over this region with increasing cycles, suggesting that sonication 
produces higher dispersed concentration with time. 
 
 
Figure 1: UV-Vis-IR spectra for liquid exfoliated BP in NMP over seven cycles of sonication 
(90 minutes) and 4000 rpm centrifugation (10 minutes). From lowest absorbance to highest: the 
dotted line represents 1 cycle, the short dash line is 3 cycles, the solid line is 5 cycles, and the 
long dash is 7 cycles. Inset shows color change between unsonicated BP in NMP (left) and 
sonicated BP in NMP (right). 
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To confirm the presence of 2D material in these suspensions, we characterized flakes from these 
solutions using high resolution-TEM (HR-TEM) and TEM (Fig. 2 a-d). Figures 2a and 2b show 
that the flakes produced are flat with uniform contrast which is typical of planar morphology. 
The smallest change in intensity was observed to be 25 ± 3 counts, and all other counts were 
multiples of 25. We assigned intensity changes of 25, 50, and 75 counts to monolayers, bilayers, 
and trilayers, respectively, and so on. Figure 2a shows a contrast change of approximately 75 
counts, indicating that the flake is a trilayer. Lattice edges observed under HR-TEM confirm that 
the crystallinity of the flakes was preserved throughout the exfoliation process (Fig. 2c). The 
presence of the {200} and {002} plane families in fast Fourier transforms (FFT) of the HR-TEM 
images (Fig. 2c) further supports the assignment of the flakes as 2D BP. Additionally, the high 
ratio of 101 spot intensity to 200 spot intensity is consistent with previous analyses of monolayer 
BP.24 From these results we conclude that 2D is reliably and consistently produced using our 
liquid exfoliation method. 
  
 
Figure 2: TEM images of liquid-exfoliated 2D BP. (a) Trilayer BP flake. Inset shows contrast 
change between grid and flake. (b) 2D BP flake. (c) HR-TEM image of phosphorene, a 
monolayer. (d) Fast Fourier Transform of the HR-TEM image in (d). 
 
 
After successfully producing 2D BP via liquid exfoliation we turned our attention towards 
optimizing the exfoliation process. Hildebrand and Hansen solubility parameters are common 
starting points when determining suitable solvents to dissolve or disperse solutes.23 Hildebrand 
provides one parameter estimating the interaction between materials based off of the square root 
of the cohesive energy density of the materials in question.24 Hansen looks at three parameters: 
dispersion forces (δd), intermolecular forces (δp), and hydrogen bonding (δh) between 
molecules.25 When these solubility parameters match between solvent and solute, mixing 
enthalpy is minimized and dispersion or dissolution is increased.23 Hughes et al. used these 
parameters to derive a general expression for mixing enthalpy, which takes into account the 
dimensionality of the solute (0D, 1D, 2D, 3D): 
 
c d 
a b
∆"#$%&#$% = 1 − *+ 𝜙 1 − 𝜙 [ 𝛿*,0 − 𝛿*,1	   3 + 𝛿5,0−𝛿5,1 3] (1) 
where d is dimensionality, 𝜙 is volume fraction, S corresponds to solvent, and N corresponds to 
nanomaterial.23 
 Coleman used this expression to create model which predicts that solvents best exfoliate 
materials when their surface energies match that of the layered material.26 Furthermore, 
reaggregation is reduced in these suspensions.26 Hansen parameters 18, 10, and 7 MPa1/2 for δd, 
δp, and δh, respectively, were shown to best exfoliate graphene and were the basis of our solvent 
selections for this study.10 We surveyed 18 solvents (Table 1) for their ability to exfoliate BP 
using inductively coupled plasma mass spectroscopy (ICP-MS) and UV-Vis spectroscopy to 
measure a dispersed concentration. We concluded that benzonitrile, which obtained a mean 
concentration of 0.11 +/- 0.02 mg/ml, was the best solvent. By plotting phosphorous 
concentration versus the Hansen solubility parameters for each of the solvents (Fig. 3a-d), we 
estimated that the Hildebrand parameter for 2D BP is 22 ± 3 MPA1/2. Additionally, we observed 
that the optimal solvents for 2D BP are similar to those for other 2D materials.26 
  
Table 1: Liquid Exfoliation of BP and Hildebrand and Hansen parameters.25 
 
Figure 3: Survey of 18 organic solvents displaying concentration of 2D BP vs. Hansen (a-c) and 
Hildebrand (d) solubility parameters. 1-7 represent the solvents with the highest dispersed 
concentrations of phosphorus: (1) benzonitrile (2) 1,3-dimethyl-2-imidazolidinone (3) 1-vinyl-2-
pyrrolidinone (4) N-methylformamide (5) N-methyl-2-pyrrolidone (6) N,N-dimethylformamide 
(7) 2-propanol. Each data point is an average of three trials with error bars corresponding to 
standard deviation.  
With the goal to isolate 2D BP flakes according to thickness and optical properties, we used 
centrifugation as a means of fractioning the liquid exfoliated BP suspensions. UV-Vis 
spectroscopy demonstrated a profound change in absorption between fractions (Fig 4c), while a 
survey of thickness and lateral dimension via TEM showed distributions of size and thickness 
between fractions (Figure 4a-b). For example, high centrifugation speeds produced suspensions 
comprised primarily of mono and bilayers. These results demonstrate the ability of the 
centrifugation approach to systematically separate flakes according to size and thickness.  
 
 
Figure 4: Variation of centrifugation rate allows for control over (a) flake thickness, (b) flake 
lateral size, and (c) absorption. (c) Shows the absorbance of 2D phosphorus suspensions that 
were prepared by fractionation at rcf values near 3000, 5900, 9700, 14  500, and 20  200g (red to 
blue). 
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3.2 Oxidation of 2D BP Using Controlled Environments 
Although a reliable method for phosphorene synthesis has been established, the material’s 
susceptibility to oxidation under ambient conditions remains problematic. Knowing which 
conditions induce oxidation of 2D BP is essential in understanding how the material degrades 
and how its optoelectronic properties are effected. We turn now from production of 2D BP via 
liquid exfoliation to the effects of different environmental parameters on the oxidation and 
degradation of the material.  
 
Figures 5a-b demonstrate the crystallinity of the 2D BP flakes via TEM imaging. The presence 
of the 002 and 200 coordinates confirm both crystallinity and monolayer thickness. The XPS 
spectra in Figure 1f displays a 2p doublet where the the 2p3/2 is centered at 130.1eV and the 2p1/2 
is centered at 131.0 eV, showing only peaks which are characteristic of unoxidized black 
phosphorous. 
 
 
Figure 5: Liquid exfoliated black BP and characterized thin films of 2D BP. (a) TEM image of 
pristine 2D BP flake. (b) Diffraction pattern of flake. (c) Centrifuged solution of exfoliated 2D 
BP suspended in NMP. (d) Thickness distribution of 2D suspension. (e) SEM image of topology 
of doctor bladed film of 2D BP. (f) XPS spectra for pristine 2D BP. 
 
 
The effects of prolonged exposure to ambient conditions are displayed in Figure 6. The TEM 
grid was exposed to 460 nm light and imaged at 0, 42, and 84 hours. These images show the 
effects of oxidation for extended periods of time where both oxygen and water are present. We 
observed pitting and loss of material predominantly at the thick edges of the flakes. Oxidation 
tended to move inwards from the edges, eating away at thicker parts preferentially. These initial 
results show that extended exposure to ambient condition continues to oxidize and degrade the 
BP flakes. No apparent self-passivating process occurs under these conditions.  
  
 
Figure 6: TEM images at 100 kV show time lapse of a 2D BP flake exposed to ambient 
conditions and 460 nm light from 0 hours to 84 hours. (a) Pristine BP flake after 0 hours, (b) 42 
hours, and (c) BP 84 hours of exposure. 
 
 
Previous studies suggested that both oxygen and light must be present in order for the thin BP to 
undergo oxidation.19,20 This suggests that a minimum wavelength of around 660 nm would be 
required to damage bilayers, which have a band gap of 1.88 eV.18 In order to test the role that 
light plays in this process we repeated the above process for different energies of incident light. 
Four TEM grids were drop cast with 2D BP suspended in IPA. Images were taken of pristine 
flakes were taken before exposure (Fig. 7a-d). Each grid was then placed in ambient conditions 
and exposed to a different wavelength of light: 460 nm, 740 nm, 940 nm, and no light. TEM 
images were recorded at set time points leading up to 84 hours. The samples were placed under 
vacuum and stored in inert conditions between exposures. Due to a compromised TEM grid, BP 
flakes at 42 hours are shown. As expected the most significant amount of damage was found for 
the flakes that were exposed to the highest energy light (Fig. 7e). However, we also observed 
significant damage in flakes exposed to 740 nm and 940 nm (Fig. 7f-g), which were predicted to 
be too low to induce damage. Most surprisingly is the presence of noticeable damage in BP 
flakes that were exposed to ambient conditions in complete darkness (Fig. 7h). We conclude 
from these results that while light can increase the rate and amount of damage induced, it is not a 
necessary condition for the oxidation of 2D BP. 
  
a b c 
  
Figure 7: TEM images at 100 kV show time lapse of 2D BP flakes exposed to ambient 
conditions and 460 nm light from 0 to 42 hours for varying energies of incident light. (a) Pristine 
BP flake at 0 hours and (b) BP flake at 42 hours, 460 nm. (c) Pristine BP flake at 0 hours. (d) BP 
flake at 60 hours, 740 nm. (e) Pristine BP flake at 0 hours. (f) BP flake at 42 hours, 940 nm. (g) 
Pristine BP flake at 0 hours. (h) BP flake at 42 hours, no incident light. Dashed lines highlight 
oxidation and degradation of material. 
 
 
During the studies presented in Figures 6 and 7, it was observed that pieces that had been 
examined by TEM earlier in the process tended to be more damaged than pieces that were 
observed later in the process. For example, a piece that was examined several times over the 84- 
hour period was more damaged than a piece only examined once at 84 hours. Concerned with the 
possibility of knock-on damage introduced by the TEM, we explored the rate and amount of 
damage for varying accelerating voltages over a period of time. Three separate TEM grids were 
prepared. Images of pristine BP flakes were taken at 60 kV (Fig 8a), 80 kV (Fig 8b), and 100 kV 
(Fig 8c). Each grid was then subjected to ambient conditions and 460 nm. Images were taken at 
several time points leading up to 84 hours (Fig. 8d-f) for each voltage. The samples were placed 
under vacuum and stored under inert conditions between exposures. At 100 kV significantly 
more damage was observed, despite being exposed to air and 460 nm for the same amount of 
time as the 60 kV and 80 kV samples. Though 60 kV displayed the least amount of damage, the 
image resolution was consistently poor. As a result, 80 kV was chosen as the accelerating 
voltage for all future studies involving TEM to reduce knock-on damage while still obtaining 
high resolution images. 
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Figure 8: TEM images show time lapse of 2D BP flakes exposed to ambient conditions and 460 
nm light from 0 to 84 hours for varying accelerating voltages. (a) Pristine BP flake at 0 hours, 60 
kV (b) BP flake at 84 hours, 60 kV. (c) Pristine BP flake at 0 hours, 80 kV. (d) BP flake at 84 
hours, 80 kV. (e) Pristine BP flake at 0 hours, 100 kV. (f) BP flake at 84 hours, 100 kV. Dashed 
lines highlight oxidation and degradation of material. 
 
 
Up to this point, all of the work presented has dealt with the conditions necessary to induce 
oxidation in an ambient environment. We move now to a more in-depth discussion of how the 
environment plays an important role in where and how oxidation occurs.  
 
XPS was used as a means of examining the 2p core electron binding energies in the thin film BP 
assemblies for each of the three environments. As previously mentioned, pristine 2D BP displays 
a 2p doublet at 130.1 eV (Fig 5f). We observed this doublet again for each set of environmental 
parameters, confirming that some amount of unoxidized BP is present and because of the 
collection depth of electrons, the oxide layer is less than 5nm thick in most, if not all, cases (Fig. 
9a-c). With increased exposure, higher core binding energies were observed with increasing 
intensity in the 132-134 eV range. As phosphorous oxide species appear on the surface of the 
film, the electron-withdrawing nature of the species make the removal of a core electron 
progressively more difficult, as exhibited by the appearance of the higher binding energies. The 
increasing intensity of the peaks suggests an increasing number of species present with time. We 
conclude that specific environmental parameters play a significant role in the rate of oxidation 
and the resulting phosphorous-oxide species composition. 
a 
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We also observed that environments containing only oxygen or only water (Fig. 9a-b) led to 
slower rates of oxidation, while a mixture led to accelerated oxidation (Fig 9c). This suggested a 
multi-step oxidative process, which was explored by exposing samples to a series of gases: 
water, nitrogen, then oxygen or oxygen, nitrogen, followed by water. Each sample was exposed 
to the first gas under dark conditions and then purge and resealed with nitrogen before being 
exposed to the third gas and illuminated by 460 nm light for one hour. The degradation rate was 
observed to be accelerated and the oxide more abundant in these series than in any of the single-
component environments, confirming a multi-step mechanism.  
 
 
Figure 9: XPS spectra of 2D BP in various environments: (a) oxygen, (b) water, and (c) water 
and oxygen. Pink line indicates 1 hour exposure, green is 6 hours, and purple line is for 18 hour 
exposures. Relative amount of oxidation over time is shown for (d) oxygen, (e) water, and (f) 
water and oxygen. TEM images at 80 kV show the time lapse of 2D BP flakes from 0 to 18 
hours for each environment, (g) oxygen, (h) water, (i) water and oxygen, corresponding to the 
XPS data.  
 
(c
) 
A TEM time-series was used to explore the physical signs of oxidation such as pitting and 
material loss in each controlled environment. 2D BP was drop cast onto three separate TEM 
grids and exposed to the environmental conditions using the same procedure as for the films. 
Images were acquired at 1, 6, and 18 hours and were vacuumed and stored under inert 
environments between exposures and imaging. Fig. 10b-d shows the time series for the oxygen-
only environment. Despite some knock-on damage induced by the TEM and in stark contrast to 
flakes observed under ambient conditions (Fig. 6-9), no significant areas of pitting or loss of 
material were observed for flakes in the oxygen-only environment. This in conjunction with the 
oxide peaks observed in figure 5a suggest that a self-passivating oxide layer forms on 
phosphorene when oxygen is the only atmospheric agent. However, a flake in the water-only 
environment displayed pitting at ledges on the thicker regions and a general loss of definition 
after only one hour of exposure (Fig. 10e). These results suggest that a phosphoric 
oxide/phosphoric acid mixture is formed on the surface, which could only be possible if the BP 
flake has successfully reduced water. Furthermore, exposure to ambient conditions over time 
showed pitting in addition to edge loss as shown in Fig. 10f-g. Extended oxidation showed an 
increased diameter of pitting sites in thicker regions (Fig. 10h), indicating that both the electrons 
and holes were funneled into these regions from thinner areas. This is consistent with the 
reduction of water by the available electron, and degradation at the site of the hole. Over the 
course of these experiments we imaged ~80 flakes and found that 93% of them displayed this 
pitting behavior. The last 7% were imaged only after 100+ hours and so it is reasonable to 
predict that pitting had occurred at earlier stages, but the material was ultimately eaten away at 
the time of imaging. From these results we find that oxidation and method of oxidation are 
completely dependent upon the environment to which they are exposed. We conclude that thin 
BP can successfully reduce water, but undergoes degradation in the process. 
  
 
Figure 10: TEM images at 80 kV of show 2D BP flakes exposed to different environments from 
0 to 18 hours. (a) Pristine 2D BP flake is exposed to a pure O2 environment for (b) 1 hour (c) 6 
hours, and (d) 18 hours; dashed lines indicate edges. (e) 2D BP flake exposed to pure H2O 
environment for 6 hours. (f) Pristine 2D BP flake with edge outlined by dashed line is exposed to 
ambient conditions for (g) 18 hours. Red highlight indicates position of new edge with respect to 
pristine edge. (h) 2D BP exposed to ambient conditions for 76 hours. 
 
 
4. CONCLUSION 
In this work I have presented our procedure for preparing and isolating monolayers, bilayers, and 
few-layer flakes of BP. Benzonitrile was found to be the best solvent for this method. Using UV–
Vis spectroscopy, TEM, and HR-TEM, we confirmed the presence of 2D BP in liquid-exfoliated 
samples and the ability of centrifugation to isolate flakes of a desired thickness. This work 
presents the first method which allows for the acquisition and characterization of large quantities 
of 2D BP.  
 
Using these methods, we were able observe flakes over extended periods of exposure. 
As expected, extended exposure produced led to more oxidation and degradation. Though high 
energy light proved to be the most damaging to the 2D BP flakes, we find that light is not a 
requirement for oxidation and degradation. We found that TEM knock-on damage is 
unavoidable, but that an accelerating voltage of 80 kV is the least damaging while still producing 
well-resolved and detailed images. Finally, we observed that single-environment systems reduce 
the rate and amount of oxidation and degradation and suggest a multistep mechanism of 
degradation; specifically, oxygen-only environments produce self-passivating oxide layers. Most 
interestingly, we observe the funneling of electrons and holes to thicker regions, allowing for the 
reduction of water. 
 
5. OUTLOOK 
Our work provides a basis for large scale production of 2D BP, enabling in-depth studies into the 
material’s chemical and physical properties. Future work will need to explore more of these 
properties and continue its application to optoelectronic devices. This detailed exploration of 
oxidation provides a starting point for chemical modification and functionalization. Controlled 
functionalization will necessary to employ the material in practical applications. This will also 
provide insight into doping, site defects, and electron-hole recombination. Initial reports in the 
literature have shown that controlling site defects produces high performance in transistors.29 
Additional studies should be completed to further explore BP’s abilities to absorb light and 
reduce water, key components for water-splitting devices. These and other studies are now 
feasible because of the methods and materials developed in this thesis. 
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